Introduction
The emergence of multi-resistant bacteria against antibiotics is considered to be one of the main challenges in modern public healthcare. [1] [2] [3] [4] [5] In recent years, antibacterial photodynamic therapy (PDT) holds great promise as an alternative approach to the disinfection of bacteria. In comparison to conventional inactivation methods, PDT presents the advantage of not inducing the selection of resistant strains since its mode of action is based on the generation of reactive oxygen species (ROS) upon light irradiation. 6, 7 Recently, a range of inorganic or metalloorganic semiconductor photocatalysts primary based on TiO 2 , 8, 9 porphyrin derivatives and other metal-based complexes have been developed as suitable materials for disinfection. 6, 10, 11 Besides these metalcontaining active systems, recent studies have reported the development of pure organic and metal-free semiconductors based on water soluble conjugated polymers with visible light induced antibacterial properties. [12] [13] [14] [15] [16] Considerable efforts have been focused on the development of photoactive nanomaterials towards bacterial disinfection, 17 since they offer great advantages due to their surface to volume ratio. 18 However, only a few examples of the employment of non-metal based nanostructured photoactive systems were reported. 8 It is therefore of great benefit to further develop a new class of metal-free photoactive systems with broad light absorption range, high efficiency and stability. Conjugated microporous polymers (CMPs), a class of semiconductive porous organic materials with the combination of photoactive p-conjugated backbone and microporosity, 19, 20 have recently emerged as stable heterogeneous photocatalysts for organic syntheses and especially photo-redox reactions under visible light irradiation. [21] [22] [23] [24] Previous works have shown that conjugated microporous polymers were able to generate active oxygen species such as superoxide ( O 2
À
) and singlet oxygen ( 1 O 2 ) under visible light irradiation. [25] [26] [27] [28] Especially singlet oxygen is well known as the main reactive oxygen species responsible for cell death in antimicrobial photodynamic therapy. [29] [30] [31] Besides the material class choice perspective, there are a vast number of useful structural modification methods of semiconductor-based materials in order to enhance the pristine functionalities. Among them, the introduction of foreign impurities into a semiconductor, the so-called doping method, has been largely employed as an efficient strategy to manipulate the electronic structure of semiconductors, and thus, to achieve the desired control over the optical, conductive, magnetic or other physical properties for targeted applications. 9, 32 Here in the present work, we report the use of a series of conjugated microporous polymer nanoparticles (CMP NPs) as a new class of highly efficient metal-free photocatalysts for visible light promoted antibacterial PDT. Taking the doping method for traditional semiconductors as a role model, a structural design principle via molecular doping of an electron-withdrawing moiety, benzothiadiazole unit (BT), into the backbone of the pure organic polymer network containing only the electron-donating thiophene units was introduced in order to modify the ability for the generation of active oxygen species. An enhanced disinfection effect on Escherichia coli K-12 under visible light irradiation was demonstrated as the model system.
Results and discussion
The conjugated microporous polymer nanoparticles (CMP NPs) were prepared via a palladium-catalysed Sonogashira-Hagihara cross-coupling polycondensation reaction in an oil-in-water mini emulsion. 25, 33 In particular, as illustrated in Scheme 1, the electron-donating thiophene unit-based (Th) polymer network Th-BT-0 was taken as the pristine polymer backbone structure. Via successive doping of the electron-withdrawing benzothiadiazole (BT) unit, into the polymer backbone, a series of CMP NPs were obtained containing different chemical compositions. The detailed synthesis and characterization of the polymers are described in the Experimental section and in the ESI. † Fig. 1 shows the SEM and TEM images of the CMP NPs. A variety of morphologies ranging from nanospheres, nanorods to nanorings were observed. Th-BT-0 and Th-BT-25 were formed as nanospheres with a diameter of ca. 180 nm, whereas the Th-BT-50 appeared as ''worm-like'' nanoparticles with a length of ca. 250 nm, which could be a transitional state between nanospheres and ring-shaped nanostructures exhibited by Th-BT-70, Th-BT-90 and Th-BT-100. The latter was in accordance with our previous report. 25 The morphological trend might indicate that the shape variation depends on the addition of the BT unit and the increasing amount of the strong acceptor unit possibly pushed the structure towards a ring formation due to strong p-p stacking at the interface during the miniemulsion polymerization. 25 Solid-state magic angle spinning nuclear magnetic resonance ( 13 C/MAS NMR) spectroscopy showed typical chemical shifts between 120 and 150 ppm for all CMP NPs, which can be assigned to the aromatic rings in the polymer backbone (Fig. S1-S6 , ESI †). For Th-BT-25, Th-BT-50, Th-BT-70, Th-BT-90 and Th-BT-100 containing benzothiadiazole moieties, a clear trend of increasing signals at about 155 ppm could be observed, which can be assigned to the adjacent carbon next to nitrogen in the BT unit, indicating an increase of the BT content in the polymer backbone structure.
The FT-IR spectra of the polymers (Fig. S7 , with Th-BT-100 exhibiting the highest BET surface area in the polymer series. A similar pore diameter (1.5 nm) was obtained for all CMP NPs ( Table 1) .
The UV/Vis absorption spectra of CMP NPs are displayed in Fig. 2a . A clear trend in the absorption range among the polymers could be observed. The only donor-based Th-BT-0 showed the broadest absorption range in the visible light region. Through the successive addition of increasing amounts of the BT unit into the polymer backbone, the absorption range of the polymers became sharper towards the blue region of the spectrum. This indicates increasing HOMO-LUMO band gaps with the addition of more electron-withdrawing moieties into the polymer backbone. All polymers showed a similar fluorescence emission range from 400 and 800 nm, with a peak at about 540 nm (Fig. S11 , ESI †). However, it can be seen that with the increase in the content of BT units, a progressive decrease in the fluorescence intensity was observed.
To further study the electronic properties of the polymers, cyclic voltammetry (CV) measurements were conducted to determine the valence band (VB) and the conduction band (CB) positions. The CV data are displayed in Fig. 2b . Significantly, a clear tendency for the expansion of the band gaps of the polymer series was observed via continuous addition of the electron-withdrawing BT units into the thiophene-based polymer network backbone. This result corresponds to the narrowing tendency observed in the UV/Vis absorption range of the polymers. According to the aforementioned ability of conjugated microporous polymers in generating active oxygen species, we then conducted electron paramagnetic resonance (EPR) spin trapping experiments using 2,2,6,6-tetramethylpiperidine (TEMP) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as singlet oxygen ( 1 O 2 ) and superoxide ( O 2 À ) trapping agents, respectively. 34, 35 As displayed in Fig. 3a, 2 systems, respectively. In this study, a suspension of bacteria was incubated with CMP NPs and exposed to white light irradiation for different time intervals. The viability of the bacteria was assessed using the standard plating method (see the Experimental section for details). To note, all CMP NPs showed no toxic effects on bacteria cells in the absence of light irradiation as shown in the dark experiment (Fig. S13, ESI †) . Fig. 4a summarizes the results of the antibacterial activity of all CMP NPs against E. coli K-12 under visible light irradiation. It could be clearly seen that the inactivation efficiency of the CMP NPs could be enhanced progressively by increasing the BT content in the polymer backbone, with Th-BT-100 as the most efficient antibacterial agent within the polymer series, achieving about 95% cell death after 120 min of visible light irradiation. This is comparable with well-known non-metal based photocatalysts reported recently. 35 Additionally, compared to its bulkmade form, Th-BT-100 as nanoparticles showed also significant higher antibacterial efficiency (Fig. S14, ESI †) . This result is in accordance with previous works in which nanoparticulate systems showed enhanced photocatalytic activity in contrast to the bulk material. 25 Th-BT-100 also showed high disinfection efficiency against B. subtilis (Fig. 4b) , reaching about 97% of cell death after 120 min of visible light irradiation, which indicates that Th-BT-100 is highly effective in inactivating both Gram negative and Gram positive bacteria. The scanning electron microscopy (SEM) and Fig. 4c . It can be clearly seen that no microstructural changes of the bacteria cells can be observed either in the control experiment (top), without Th-BT-100 as an antibacterial agent and in the absence of light irradiation, or in the presence of Th-BT-100 in the dark (middle). In comparison, by using Th-BT-100 under visible light exposure as an antibacterial agent, morphological changes with severe disruptions of the cell membrane of E. coli K-12 and B. subtilis were observed (bottom), which resulted in further release of the cell content and cell death. These results indicate that the inactivation process of the bacteria is caused by the photocatalytic effect of the CMP NPs under light irradiation.
Previous studies showed that CMP NPs could be used for the photodegradation of organic dyes in water under visible light irradiation. 25 A number of reactive species such as superoxide
, photo-generated hole (h + ) or hydrogen peroxide (H 2 O 2 ) played important roles in the photocatalytic process. 8, 11 In order to further understand the mechanism of the antimicrobial effect of the CMP NPs, we conducted a series of control experiments with the addition of different active species scavengers into the bacteria reaction system. In particular, ammonium oxalate (AO), catalase, NaNO 3 and TEMP were introduced as scavengers for h + , H 2 O 2 , e À and 1 O 2 , respectively. Vitamin C was also used as a general radical scavenger. It is important to mention that the concentration of each scavenger was adjusted to ensure the highest scavenging effect without presenting toxicity on E. coli K-12 (Fig. S15 , ESI †).
9,11
The effects of different scavengers are illustrated in Fig. 5a . It can be seen that without the addition of any scavenger, nearly 95% of the E. coli K-12 were inactivated after 120 min of light irradiation. Via the addition of TEMP, a singlet oxygen scavenger, the survival rate of E. coli K-12 dropped only about 30%, which confirms the superior role of 1 O 2 in the photoinactivation process of the bacteria. The addition of NaNO 3 as a general electron scavenger showed an effect similar to TEMP, which suggests that once the electron is trapped it will no longer be able to transfer its energy to dioxygen, and therefore blocking the generation of 1 O 2 . Interestingly, the addition of AO as the hole scavenger led to about 60% of bacteria survival, which indicates that Th-BT-100 was not only able to promote photocatalytic bacterial disinfection via the reduction of molecular oxygen, but also via a direct oxidative pathway from the photo-generated electron-hole species, which could likely oxidize the components of the cell membrane of E. coli K-12 and subsequently leading to its direct inactivation and possible mineralization of its organic content. 36, 37 As shown in Fig. 4c , the bacteria cells were surrounded by the nanoparticles; this proximity was important for an enhanced diffusion of the active species from the nanoparticles onto the bacteria cells despite the short lifetime of 1 O 2 in water. 38, 39 To further study the 1 O 2 generation efficiency, an additional experiment was performed using a-terpinene as the 1 O 2 trapping agent. 9, 11 A full conversion of ascaridole as a product after 2 h under visible light irradiation using Th-BT-100 as a photocatalyst was observed ( Fig. S16 and S17, ESI †), giving an 1 O 2 generation rate of ca. 0.14 mmol g À1 s À1 for Th-BT-100.
Furthermore, the stability and reusability of Th-BT-100 were investigated via repeated experiments under the same reaction conditions. As shown in Fig. 5b , Th-BT-100 could be reused for another three additional cycles and nearly 95% of bacteria were inactivated in each cycle. No apparent changes were observed in the FT-IR spectra of Th-BT-100 after the photocatalytic reaction, which indicates the high stability of the photocatalyst (Fig. S19, ESI †) . And it is worth pointing out that a longer irradiation time (4 h) did not affect the photoactivity of the polymer nanoparticles (Fig. S20, ESI †) .
Conclusions
In conclusion, we reported a structural design principle of the conjugated microporous polymer nanoparticles as a new class of highly effective photoactive agents for the inactivation of bacteria in water under visible light irradiation. Via a molecular doping method of electron-withdrawing moieties into the electron-donating polymer backbone, enhanced light-induced antimicrobial activity could be demonstrated in the photoinactivation of E. coli K-12 and B. subtilis. Different photogenerated active species could be determined using the polymer nanoparticles, with singlet oxygen playing the main role during the photo-inactivation process. This study demonstrated a further application of conjugated microporous polymer nanoparticles as pure organic, non-toxic and active agents for the photodynamic inactivation of microorganisms.
Experimental section
Materials 1,3,5-Triethynylbenzene (97%), 2,5-dibromothiophene (96%), copper(I) iodide (99%), tetrakis(triphenylphosphine) palladium(0) (99%), potassium carbonate (K 2 CO 3 ) (99%), ammonium oxalate (99%), catalase, sodium nitrate (99%), L-ascorbic acid (99%), triethylamine (99%), 5,5-dimethyl-1-pyrroline N-oxide (97%), 2,2,6,6-tetramethylpiperidine (98%), 5,5-dimethyl-1-pyrroline N-oxide (97%), a-terpinene (90%), mesitylene (98%) and all other solvents were purchased from Sigma Aldrich. Sodium n-dodecylsulfate (99%) was obtained from Alfa Aesar. 4,7-Dibromobenzo[c]-1,2,5-thiadiazole (97%) was purchased from Combi Blocks. Escherichia coli K-12 and Bacillus subtilis were purchased from DSMZ Leibniz-Institute (Braunschweig, Germany). All chemicals and solvents were used as received unless otherwise specified.
Synthesis of CMP NPs
The synthesis of CMP nanoparticles was performed using the Sonogashira-Hagihara cross coupling reaction via oil-in-water 
Characterization
The UV/Vis absorption spectra were recorded on a Perkin Elmer Lambda 25 UV-Vis spectrometer. FT-IR spectra were recorded on a Nicolet 730 FT-IR spectrometer. 1 . Scanning electronic microscopy (SEM) images were acquired on a LEO Gemini 1530 (Carl Zeiss AG, Germany) using an in-lens SE detector. Transmission electronic microscopy (TEM) images were taken on a JEM 1400 (JEOL, USA). Electron paramagnetic resonance (EPR) was measured on a Magnettech Miniscope MS200 spectrometer. Cyclic voltammetry (CV) was recorded on an Autolab potentiostat PGSTAT204 (Metrohm).
Photocatalytic disinfection test
The photocatalytic inactivation of bacteria was conducted using a white LED (1.2 W cm À2 , OSA Opto Lights) as a light source. All glass apparatuses used in the experiments were autoclaved at 121 1C for 20 min to ensure sterility. The bacterial cells were cultured in a nutrient broth (Sigma Aldrich) and agitated at 300 rpm for 16 h at 37 1C and 30 1C for E. coli K-12 and B. subtilis, respectively. The cells were then washed with a sterilized saline solution (0.9% NaCl) and the final cell density was adjusted to about 3.0 Â 10 6 cfu (colony forming units) mL À1 . The CMP NP was then added to the cell suspension at a final concentration of 1 mg mL À1 and kept in the dark for 60 min to ensure the establishment of an adsorption/desorption equilibrium between the photocatalyst and the bacterial cells. After this period, the reaction mixture was stirred at 25 1C, bubbled with oxygen and irradiated with visible white light for different time intervals. At selected time intervals, aliquots of the sample were collected and serially diluted with the sterilized saline solution. 0.1 mL of the diluted sample was then immediately spread on nutrient agar (Sigma Aldrich) plates and incubated at 37 1C for 16 h to determine the number of viable cells (in cfu). For comparison, two extra control experiments were also conducted: the dark control was carried out with CMP NPs in the absence of light and the light control was carried under visible light irradiation in the absence of CMP NPs. The survival fraction was determined by dividing the number of cfu of the samples incubated with CMP NPs by the number of the cfu of the control group in the absence of CMP NPs and light. The photocatalytic experiments using radical scavengers were performed similarly to the above photocatalytic disinfection test but with the addition of radical scavengers (ammonium oxalate, TEMP, catalase, NaNO 3 and vitamin C), 0.05 mmol L À1 , to the reaction mixture. All treated and control experiments were performed in three independent studies.
Photooxidation of a-terpinene
The photooxidation of a-terpinene was performed using a mixture of a-terpinene (0.1 M), Th-BT-100 (1 mg mL À1 ) and mesitylene (0.1 M) as the internal standard in 10 ml water/ acetonitrile (1 : 1). Under an oxygen flow of ca. 10 ml min À1 , the reaction mixture was stirred at 25 1C and irradiated with visible white light for 2 h. After this, aliquots of the sample were collected and filtered using a syringe filter and the solution was analyzed by 1 H-NMR. 
